In this study, BrachyDose, a recently developed EGSnrc Monte Carlo code for rapid brachytherapy dose calculations, has been benchmarked by reproducing previously published dosimetry parameters for three brachytherapy seeds with varied internal structure and encapsulation. Calculations are performed for two 125 I seeds ͑Source Tech Medical Model STM1251 and Imagyn isoSTAR model 12501͒ and one 103 Pd source ͑Theragenics Model 200͒. Voxel size effects were investigated with dose distribution calculations for three voxel sizes: 0.1ϫ 0.1ϫ 0.1 mm 3 , 0.5ϫ 0.5ϫ 0.5 mm 3 , and 1 ϫ 1 ϫ 1 mm 3 . In order to minimize the impact of voxel size effects, tabulated dosimetry data for this study consist of a combination of the three calculations: 0.1ϫ 0.1ϫ 0.1 mm 3 voxels for distances in the range of 0 Ͻ r Յ 1 cm, 0.5ϫ 0.5ϫ 0.5 mm 3 voxels for 1 Ͻ r Յ 5 cm and 1 ϫ 1 ϫ 1 mm 3 voxels for 5 Ͻ r Յ 10 cm. Dosimetry parameters from this study are compared with values calculated by other authors using Williamson's PTRAN code and to measured values. Overall, calculations made with Brachydose show good agreement with calculations made with PTRAN although there are some exceptions.
I. INTRODUCTION
Yegin et al. have recently developed BrachyDose, 1 a Monte Carlo ͑MC͒ code for rapid brachytherapy dose calculations. This code represents a valuable step forward since it allows rapid ͑5 min or less͒ Monte Carlo dose calculations for prostate implants based on the well established EGSnrc 3, 4 code. The EGS Monte Carlo code has been used previously in brachytherapy applications, [5] [6] [7] [8] [9] [10] [11] [12] however, this is the first EGS user code capable of modeling the more complicated geometries found in many brachytherapy seeds. Although Williamson's PTRAN 13, 14 code has been used for these applications for many years, it is valuable to have a completely independent code. BrachyDose has the added advantage of being able to model electron transport which is important for modeling miniature x-ray sources being developed for brachytherapy applications. 15, 16 In this study, electron transport is not done since at the energies relevant to the calculations here, the range of electrons is effectively zero and their energy can be considered to be deposited locally.
The dosimetry protocol outlined by the AAPM's Task Group 43 17, 18 recommends that investigators benchmark new MC codes by reproducing previously published dosimetry parameters for at least one widely used source. In this study, BrachyDose has been used to calculate comprehensive TG-43 dosimetry parameters for three sources with varied internal structure and encapsulation. Calculations are performed for two 125 I seeds ͑Source Tech Medical Model STM1251 [19] [20] [21] and Imagyn isoSTAR model 12501 [22] [23] [24] [25] ͒ and one 103 Pd source ͑Theragenics Model 200 8, 10, 11, [26] [27] [28] ͒. The majority of MC derived brachytherapy dosimetry parameters, available in the literature have been calculated using Williamson's PTRAN 13, 14 MC code. Unlike PTRAN, BrachyDose calculates volume-averaged doses to voxels rather than using a point kerma estimator. This makes it imperative that voxel size effects be considered. Both the STM1251 and Model 200 seeds have highly anisotropic dose distributions at small angles relative to the seed axis and thus make good candidates for benchmarking a voxel based Monte Carlo code like BrachyDose. To investigate the effect of voxel size on dosimetry parameters, calculations were made with three different voxel sizes. Dosimetry parameters from the three sets of calculations are presented and comparisons are made with data calculated by other investigators using PTRAN. BrachyDose calculated dose rate constants, radial dose functions and anisotropy data have been tabulated for the three sources considered here. In a related study a comprehensive set of dosimetry data for 16 different seeds ͑12 125 I and 4 103 Pd͒ will be presented.
II. MATERIALS AND METHODS

A. BrachyDose code
BrachyDose 1,2 is a new EGSnrc Monte Carlo user code capable of doing full brachytherapy prostate implant calculations in 5 min on a single CPU. BrachyDose may be used to do calculations for 192 Ir, 125 I, 103 Pd and miniature x-ray sources, the latter case requiring electron transport within the source only. The incorporation of Yegin's multi-geometry package 29 into the BrachyDose code allows all of these different sources to be modeled in detail. In order to study the effects of cross section uncertainties, BrachyDose also has the capability to scale the cross section of any material by a user-specified factor.
BrachyDose scores the collision kerma per history in voxels via a tracklength estimator. Due to the low energies in-volved, charged particle equilibrium can be assumed and collision kerma can be considered equal to the absorbed dose to the medium. Dose is calculated as
͑1͒
where D j and K col j are the dose and collision kerma in the jth voxel, E i is the energy of the ith photon, and t i is the tracklength of that photon in the voxel. The mass-energy absorption coefficient corresponding to energy E i is ͑ en ͒ i and V j is the volume of the voxel.
B. Brachytherapy sources
Source geometries including both encapsulation and internal structure were modeled using Yegin's multi-geometry package. 29 This geometry package gives users the ability to generate complex geometries composed of rectilinear, cylindrical, spherical and conical shapes. Figure 1 shows cross sections of the three seeds modeled in this study. The figures were generated using a separate code, MGview, which is part of the multi-geometry package.
The STM1251
125
I source consists of a cylindrical gold rod with 0.18 mm diameter which is inside of 3.81-mm-long hollow aluminum wire with a diameter of 0.51 mm. The aluminum wire including the ends is coated with nickel ͑1.9 m͒, copper ͑2.5 m͒ and radioactive iodine ͑17 nm͒. The source is encapsulated in a titanium tube with 0.08 -mm-thick walls, 0.81-mm-outer diameter and 0.13-mm-thick cylindrical end welds. All internal gaps are filled with air for all the seeds. The overall source length is 4.5 mm. These are the same dimensions used in the study by Kirov and Williamson. 19 The Imagyn 125 I source consists of five silver spheres coated with AgI, encapsulated in a titanium tube with approximately hemispherical end welds. The tube has 0.05 -mm-thick walls, a diameter of 0.8 mm and an overall length of 4.5 mm. The thickness of the AgI coating on the internal spheres is not listed in any of the relevant references and is assumed to have negligible thickness in this study. There are inconsistencies in the literature regarding the dimensions of the silver spheres and the end welds for this source. Gearheart 22 et al. report that the seed has 0.64 mm spheres and 0.5-mm-thick end welds while Nath and Yue 23 report 0.65 mm spheres and 0.6-mm-thick end welds. TG43U1 lists the diameter of the spheres as 0.56 mm and does not mention the weld thickness. 18 Since comparisons are made with Gearheart et al. ' s MC results, dimensions given in their paper were used in this study.
The Model 200 103 Pd source consists of two cylindrical graphite pellets coated with radioactive palladium and separated by a cylindrical lead marker. The graphite cylinders have a diameter of 0.56 mm and a length of 0.89 mm. The lead marker is 1.09 mm long and 0.5 mm in diameter. The thickness of Pd on the graphite is 2.2 m. The encapsulation for the Model 200 seed is a thin titanium tube that is 0.826 mm in diameter with wall thickness of 0.056 mm and length of 4.5 mm. The ends are sealed with hemispherical titanium end cups that are 0.04 mm thick. The dimensions are the same as those in Monroe and Williamson's 30 study.
C. Monte Carlo calculations
For the calculations in this study, electrons were not transported and the photon cutoff energy was set to 1 keV. Rayleigh scattering, bound Compton scattering, photoelectric absorption and fluorescent emission of characteristic x rays were all simulated. All calculations used photon cross sections from the XCOM 31 database and mass energy absorption coefficients were calculated using the EGSnrc user-code g. Photon spectra recommended in TG-43U1 were used to sample incident photon energies and probabilities for both 125 I and 103 Pd. Up to 4 ϫ 10 10 histories were simulated in order to get 1 statistical uncertainties of 2% or less at a distance of 10 cm for all sources.
Dose calculations were done with the source positioned at the center of a rectilinear water phantom ͑mass density of 0.998 g / cm 3 ͒ with dimensions of 30ϫ 30ϫ 30 cm 3 ͑effec-tive radius of 18.6 cm͒. Melhus and Rivard 32 have recently shown that a radius of 15 cm provides adequate scattering medium for calculating the radial dose function at 10 cm within 0.3± 0.1% and 1.1± 0.2% for 125 I and 103 Pd seeds, respectively. Dose distributions surrounding the source were scored in a grid of cubic voxels on the plane defined by the seed and transverse axis. To take advantage of the inherent symmetry of the geometry and reduce calculation times, dose values from the four identical quadrants of the scoring plane were averaged.
Calculations of the air kerma per history were scored in vacuo, avoiding the need to correct for attenuation by air. Mass energy absorption coefficients were calculated for air with the composition recommended by TG43U1 ͑40% humidity͒. In principle this is incorrect because air kerma standards always refer to dry air, but the difference is less than 0.01% at these energies. Characteristic x rays originating from the titanium encapsulation were suppressed by discard- Pd͒. Images were generated using MGview, a geometry visualization tool for Yegin's geometry package ͑Ref. 29͒. Sources are all drawn to scale ͑same scale for all sources͒.
ing fluorescent emissions with energies Ͻ5 keV, which in this case is equivalent to using a photon cutoff energy of 5 keV.
D. Voxel size effects
Dose scored in voxels is a volume averaged estimate of the dose at the center of a voxel. If the real dose distribution is given by D͑r͒ then the dose in a voxel, D vox , scored in a volume ⌬V is given by
For an arbitrary curve in one dimension, binned in intervals of width ⌬r, this expression can be written as
Expanding using a Taylor series around the center of the bin, r o , gives
i.e., the calculated dose in the voxel represents the dose at the midpoint of the voxel when the second and higher order terms in Eq. ͑4͒ are negligible. As a simple example, consider a point source with a dose distribution of D͑r͒ = Figure 2 shows the ratio of the dose scored in the voxel calculated using Eq. ͑5͒ to the point dose at the midpoint radius for three different shell thicknesses. For this simple case of a 1 r 2 dose distribution, scoring in shells of 1 mm thickness leads to dose overestimates of 2.8% and 0.25% at 3 and 10 mm, respectively. Decreasing the thickness of the shell to 0.1 mm leads to dose overestimates of less than 0.1% at the same two points.
͑5͒
While the above isotropic example serves to illustrate the effect voxel size can have on calculated dose distributions, estimating the errors introduced by scoring dose in voxels surrounding brachytherapy seeds is less straightforward. The dose distribution surrounding a realistic seed may deviate greatly from 1 r 2 due to the distribution of radioactive material within the seed and due to attenuation and scatter in the source and surrounding medium.
To investigate voxel size effects, dose distribution calculations were done with three voxel sizes: 0.1ϫ 0.1ϫ 0.1, 0.5ϫ 0.5ϫ 0.5, and 1 ϫ 1 ϫ 1 mm 3 . Figure 3 is a plot of the anisotropy function of the SourceTech model STM1250 seed at r = 0.25 cm calculated for the three different voxel sizes. It is apparent that calculations done with 1 and 0.5 mm voxels are not capable of calculating a realistic dose profile in this region. At a distance of 5 cm from the seed ͑Fig. 4͒, the anisotropy function at 0°calculated with 1 mm voxels is approximately 20% higher than the value calculated using 0.5 mm voxels. At an angle of just 1°the difference between the two calculations drops to 2%.
To minimize the impact of the voxel size effects discussed above, tabulated dosimetry data for this study consist of a combination of the three calculations. Voxel sizes were chosen in the following way: 0.1ϫ 0.1ϫ 0.1 mm 3 voxels were used for distances in the range of 0 Ͻ r Յ 1 cm, 0.5ϫ 0.5 ϫ 0.5 mm 3 voxels were used for 1 Ͻ r Յ 5 cm and 1 ϫ 1 ϫ 1 mm 3 voxels were used for 5 Ͻ r Յ 10 cm.
E. TG-43 dosimetry parameters
Data are tabulated as a function of distance from the seed and polar angle relative to the seed axis. When tabulation FIG. 2 . Ratio of the average dose in spherical shells of thickness ⌬r ͓calcu-lated using Eq. ͑5͔͒ to dose at the midpoint of the shell for a point source with a 1/r 2 distribution. Three different shell thicknesses are included. Scoring in shells of 1 mm thickness leads to dose overestimates of 2.8% and 0.25% at 3 and 10 mm, respectively. Decreasing the thickness of the shell to 0.1 mm leads to overestimates of less than 0.1% at the same two points. points do not correspond with the center of a voxel, dose values were interpolated bilinearly using the nearest neighbors of the voxel that the point of interest falls within. To improve the accuracy of the interpolation, all dose values were first divided by their respective values of the geometry function, G L ͑r , ͒. The geometry function is calculated using the line source approximation given by
where the angle ␤ ͑= 2 − 1 in TG-43 notation͒ is given by
.
͑7͒
This geometry factor is equivalent to the definition given by TG-43U1 and is used here because it is faster to calculate. Williamson et al. have shown 19, 27, 30 that "Sources containing radioactivity deposited on radio-opaque surfaces with sharp corners give rise to distance-and angle-dependent selfshielding phenomena with surprising dosimetric results, including apparent inverse-square law breakdowns and significant anisotropy near the transverse axis." 27 This anisotropy can lead to significant variations in the air kerma strength, and hence the dose rate constant, depending on whether the air kerma strength is scored at a point on the transverse axis I seed as a function of the scoring volume for the air kerma strength per history. Dose rate constants were determined using air kerma strengths averaged over voxels that were 0.5 mm thick and faces with varying areas. The faces of the scoring voxels were located 10 cm from the source. or averaged over a finite solid angle ͑as in the wide angle free air chamber ͑WAFAC͒ measurements performed at the National Institute of Standards and Technology ͑NIST͒ 34,35 ͒. To investigate the influence of the photon fluence anisotropy on the determination of the dose rate constant, a number of calculations were done. The air kerma per history was scored in rectilinear voxels with the face of the voxel located 10 cm from the source. The voxels used for scoring air kerma per history were 0.5 mm thick and the area of the voxel's face was varied from 0.1ϫ 0.1 to 10ϫ 10 cm 2 ͑cen-tered on the transverse axis͒. As a comparison, the NIST WAFAC primary collimator is 8 cm in diameter and is located 30 cm from the source. The primary collimator would subtend a circle with diameter of ϳ2.7 cm at a distance of 10 cm from the source.
Air kerma strength per history was calculated as
where k ␦ is the air kerma per history and d is the distance from the source to the face of the scoring voxel. The factor k r 2 is the ratio of the average r 2 for the scoring volume to d 2 and is a correction to account for the variation of the inverse square law over the scoring region. This factor is used to give a result at a given distance which is independent of scoring volume size for a strictly point source and amounts to giving the air kerma per history ϫd 2 on the axis. This correction factor can be calculated analytically as
where t is the thickness of the voxel ͑0.05 cm͒ and w is the width of the voxel ͑varied from 10 to 0.1 cm͒. At 10 cm from the source this amounts to a ϳ17.2% and 0.5% correction for the 0.05ϫ 10ϫ 10 and 0.05ϫ 0.1ϫ 0.1 cm 3 voxels, respectively. The 10-cm-wide voxels are much larger than would be used in practice but are included here to demonstrate the dependence of the dose rate constant on the size of the region used for scoring air kerma.
Dose rate constants, ⌳, are calculated as the dose to water per history in a ͑0.1 mm͒ 3 voxel centered on the reference position ͑1 cm, 2 ͒ in the 30ϫ 30ϫ 30 cm 3 water phantom, divided by the air kerma strength per history.
The radial dose function, g͑r͒, is calculated using both line and point source geometry functions and tabulated at 1 mm intervals for distances less than 1 cm from the source and 0.5 cm intervals from 1 to 10 cm. Values at r = 0.25 mm and r = 0.75 mm are also included.
Anisotropy functions are calculated using the line source approximation and tabulated at radii of 0.25, 0.5, 0.75, 1, 2, 3, 4, 5, 7.5 and 10 cm. The same 32 polar angles used in Monroe and Williamson's study 30 of the Model 200 103 Pd seed were used to provide high angular resolution near the transverse axis and seed axis. The anisotropy factor, an ͑r͒, was calculated by integrating the solid angle weighted dose rate over 0°Յ Յ 90°and the anisotropy constant, an , was calculated as the inverse r-squared weighted average of an ͑r͒ for r Ն 1 cm as recommended by TG-43U1.
III. RESULTS AND DISCUSSION
A. Dose rate constants
Figures 5-7 show the calculated dose rate constant versus the width of the scoring region used for the air kerma strength calculations. Variations of 4.6% in the dose rate constant are seen for the STM1251 source as the area of the air kerma scoring region is decreased from 10ϫ 10 cm relevant dose rate constants calculated or measured by other authors. For the STM and Theragenics sources, the dependence of the dose rate constant on the size of region used for scoring air kerma per history has been shown by Williamson et al. 19, 27, 30 to be "a general feature of seeds containing internal components with sharp edges; composed of, or coated with, radio-opaque materials; and with radioactivity distributed on or near the surface." 30 Since the Imagyn source uses spherical source elements, this same effect is not seen with this seed.
Calculated dose rate constants and their statistical uncertainties are listed in Table I source that the air kerma strength determined at a point on the transverse axis depends on the distance from the source. In all comparisons with TLD measured values, it must be noted the authors have all assumed the detector reading was proportional to the dose in the TLD, whereas the results of Davis et al. 36 imply the reading is high by up to 10% ͑for a 30 kV x-ray spectrum͒ which suggests all previous measured values may be systematically up to 10% high, although the results of Davis et al. directly contradict the results of Das et al. 37 This area requires further investigation.
B. Radial dose functions
Radial dose functions calculated using both the line source and point source approximations are presented in Table II . Figure 8 shows plots of g L ͑r͒ calculated in this study as well MC data from other studies. Statistical uncertainties for the two 125 I sources are ϳ0.5% and ϳ1% at 5 and 10 cm, respectively, while uncertainties for the Theragenics source are ϳ1% and ϳ2% at 5 and 10 cm, respectively.
The radial dose function calculated for the STM source in this study agrees within 1% with the values calculated by Kirov and Williamson 19 at all distances. For the Imagyn source the radial dose function is approximately 1% higher than the values reported by Gearheart et al. 22 for r Ͻ 1 cm.
For 1 Ͻ r Ͻ 5 cm agreement is within 1%, with the values calculated in this study being slightly greater than Gearheart et al.'s. For 5 Ͻ r Ͻ 10 cm there is no obvious trend in the differences between the two calculations. There is a difference of close to 7% at r = 8 cm but calculations are within 2% at 10 cm. These differences likely reflect the 4% statistical uncertainty reported for the value of Gearheart et al. for the radial dose function. 22 Agreement with the calculations of Monroe and Williamson 30 for the Theragenics 103 Pd source is better than 1% for 0.1Ͻ r Ͻ 3 cm, however, there are some significant differences at distances beyond 3 cm. Values calculated at 5, 7.5, and 10 cm in this study are lower than the values calculated by Monroe and Williamson by 2.5%, 6% and 16%, respectively. Monroe and Williamson state that uncertainties Melhus and Rivard. 32 Agreement between these three sets of calculations was within 1% for r Յ 10 cm demonstrating that the differences in radial dose functions originate in modeling the source.
To investigate the sensitivity of the results to cross sections, the radial dose function was recalculated with the cross section of Pd reduced by 5%. While the absolute dose rate increased by 0.6% at the reference position, ͑1 cm, 90°͒, the re-calculated radial dose function agreed with the standard calculation within statistical uncertainties for distances less than 10 cm from the source. The differences between the radial dose function calculations in this study and Monroe and Williamson's are unexplained given the good agreement for the dose rate constant ͑see Fig. 7͒ and anisotropy functions ͑see Fig. 11 below͒.
C. Anisotropy data
Calculated anisotropy data including the anisotropy factors for all sources are shown in Tables III-V. The anisotropy constants calculated in this study are shown in Table VI . Figures 9-11 show anisotropy function data for the three sources calculated at 1 and 5 cm as well as anisotropy data published by other authors.
For the STM source ͑Figs. 3 and 9͒, agreement with Kirov and Williamson's 19 calculations is generally better than 1%. However, larger differences of ϳ6% are seen for =2°at r = 1 and 2 cm ͑2 cm data not shown͒ but these points are in regions of very steep dose gradients and good agreement is seen a short distance away. The anisotropy factors and constant are all in agreement within 1% for the STM source.
For the Imagyn source ͑Fig. 10͒, our anisotropy data with Ն 20°generally agree within 2% with the values published by Gearheart et al. At 10°the anisotropy function values calculated in this study are 4% higher than those calculated by Gearheart et al. 22 and at 0°the discrepancy is as large as 11% for r = 1 cm. Anisotropy factors agree within 2% and anisotropy constants are within 0.1% of each other. The discrepancies in our F͑r ,0°͒ values and those of Gearheart et al. 22 of up to 11% for the Imagyn source at 0°d
o not appear to be caused by voxel size effects. Figure 11 is a plot of dose profiles for the Imagyn IS-12501 source taken perpendicular to the seed axis and offset 0.5 cm from the source center. This figure shows the shadowing effect that the end cap of the source encapsulation has ͑diameter of 0.8 mm͒ and that the dose profile is relatively flat within the shadow. Decreasing the voxel size even further should have little effect on the dose values calculated near the source axis. Also shown are calculations done with 0.5ϫ 0.5 ϫ 0.5 mm 3 voxels. The dose calculated in the two voxel sizes is the same within uncertainties at 0°.
Since this region of space is where photons undergo the most significant attenuation by the encapsulation, the discrepancy between this study and previous studies may result from differences in the photon cross sections used. Gearheart et al. used the DLC-99 38 cross sections while all calculations for this study were done using XCOM cross sections. 31 To investigate the impact of cross section uncertainties a set of calculations for the Imagyn source was done in which the cross sections of the Ti encapsulation were increased by 1%. Figure 12 shows the ratio of dose calculated with the standard cross section to the dose calculated with the increased cross sections for Ti. Again the dose profiles for this plot were taken perpendicular to the seed axis and offset 0.5 cm from the source center. Increasing the cross section of Ti by 1% led to a decrease of dose of close to 0.8% at 0.5 cm along the seed axis. At 0.5 cm along the transverse axis the decrease in dose was only 0.2% giving a decrease in the anisotropy function of 0.53± 0.14% at ͑r , ͒ = ͑0.5 cm, 0°͒. Discrepancies between the two calculations decreased as the distance from the source and polar angles increased. No significant differences were seen in the radial dose function for the two calculations. These calculations show that differences in cross sections on the order of 1% lead to significant differences in calculated anisotropy function data. We can therefore deduce that a large discrepancy ͑Ͼ1%͒ in cross section data may lead to large differences in calculated anisotropy data and may be the cause of the discrepancy between F͑r ,0°͒ values calculated in this study and those of Gearheart et al. 22 The Theragenics seed's anisotropy data ͑Fig. 13͒ show very good agreement with the data calculated by Monroe and Williamson. 30 The anisotropy function agrees within 1%-2% at almost all angles and radii considered, with the one notable exception being for r = 0.25 cm and 7°Յ Յ 20°where there are discrepancies of 5% or more. This is the region which has the steepest dose gradients and undergoes the most significant attenuation due to the structure of the seed. At 12°and 0.25 cm the anisotropy function value calculated in this study is 20% higher than that calculated by Monroe and Williamson while at 12°and 0.5 cm the difference has dropped to less than 1%. These differences are in regions where voxel size effects are most pronounced and are most likely due to residual voxel size effects in our calculations. The anisotropy factors and anisotropy constant all agree within 1%.
IV. CONCLUSION
In order to benchmark the new EGSnrc Monte Carlo code, BrachyDose, TG-43 dosimetry parameters were calculated for one 103 Pd and two 125 I sources. The three seeds in this study were chosen because of their varied internal structure and encapsulation. The STM 125 I and Theragenics 103 Pd seeds also make ideal candidates for benchmarking voxel based dose calculations due to their highly anisotropic dose distributions at small angles. Since the BrachyDose code is able to accurately calculate the dose distribution surrounding these two sources, we believe that, using the same voxel sizes as presented in this study, BrachyDose is capable of doing accurate dose calculations for any seed. A comprehensive set of dosimetry parameters is being calculated for the 16 seeds listed in the Joint AAPM/Radiological Physics Center ͑RPC͒ Registry of Brachytherapy Sources. 39 It was shown analytically that scoring the dose from a point source in 1-mm-thick spherical shells leads to a significant overestimate of dose at distances less than 1 cm from the source. To minimize voxel volume effects it was found that voxel sizes of 0.1ϫ 0.1ϫ 0.1 mm 3 were needed for points less than 1 cm from the source. From 1 to 5 cm away from the seed the voxel size was increased to 0.5ϫ 0.5 ϫ 0.5 mm 3 and beyond 5 cm from the seed dose was scored in 1 ϫ 1 ϫ 1 mm 3 voxels. These voxel sizes should be suitable for doing calculations with other 125 I and 103 Pd seeds. Cross section uncertainties play a significant role in calculations of the anisotropy function. Increasing the cross section of the titanium encapsulation for the Imagyn source by 1% resulted in a change of ϳ0.5% in the anisotropy function for r Ͻ 1 cm and Ͻ 15°. For the Theragenics source, decreasing the cross section of palladium by 5% resulted in an increase of ϳ0.5% in the anisotropy function for Ͻ 5°. Uncertainties in the geometry of the sources may also have a significant impact on calculated dosimetry parameters but have not been considered in this study. Combined uncertainties in cross sections and geometry are larger than the statistical uncertainties for the dosimetry parameters calculated in this study.
When voxel sizes are chosen appropriately, dosimetry parameters calculated with BrachyDose generally show good agreement with data calculated by other authors 19, 22 ,30 using Williamson's PTRAN 13, 14 code. This agreement demonstrates BrachyDose's ability to accurately calculate dose distributions surrounding brachytherapy seeds with widely varied internal structure and encapsulation.
Although the vast majority of our comparisons with previous data show good agreement, there are three cases where there are significant differences. First, the dose rate constant calculated for the STM source using the 2.7ϫ 2. I source, ratio of the dose calculated using the standard cross sections to dose calculated with the cross section of the Ti encapsulation increased by 1%. The dose ratio profile shown was taken perpendicular to the seed axis and 0.5 cm from the source center. A 1% increase in the cross section of titanium leads to a decrease in dose of 0.8% at 0°. ϫ 0.05 cm 3 voxel is 3.3% higher than the value calculated by Kirov and Williamson 19 using a full simulation of the WAFAC. One might suspect that the more detailed model of the WAFAC explains the difference except that for the Theragenics seed our calculations agree very well with the more detailed calculations by Monroe and Williamson. 30 Second, BrachyDose calculated values of the radial dose function for the Theragenics seed show significant differences beyond 5 cm when compared with the results of Monroe and Williamson. 30 Finally, the anisotropy function calculated in this study for the Imagyn source shows significant differences at small angles when compared with the results of Gearheart et al. 22 Given the consistency in our approach for the various seeds, we believe that our results are likely more accurate, but this remains to be established.
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